This observational study aimed to identify simple electroencephalogram indices of inadequate intraoperative opioid-mediated nociceptive blockade and to compare these indices with routinely used clinical predictors of severe postoperative pain in adults. Intraoperative trend and waveform data (electrocardiogram, pulse oximetry and electroencephalogram) were collected, pain intensity in the post-anaesthesia care unit was quantified using an 11-point Verbal Rating Score, and opioid administration was recorded. Using the initial post-anaesthesia care unit Verbal Rating Score as the primary endpoint, the relationship between five possible explanatory variables -surgery type, depth of volatile anaesthesia (minimum alveolar concentration), electroencephalogram signs (state entropy, spindle-like activity and delta-band power) and estimated end-of-operation effect-site morphine concentrations -was examined. One hundred and thirteen patients were recruited, with 94 included in the final clinical and electroencephalogram data analysis. Fifty-two patients had moderate or severe pain (Verbal Rating Score ≥5). State entropy was lower (46.5±2.9 vs 43.1±1.9, P=0.04) and spindle-like activity higher (0.42±0.03 vs 0.50±0.02, P=0.03) in the moderate/severe pain group. These findings suggest that there is a modest association between electroencephalogram measures near the end of surgery and the severity of postoperative pain.
The occurrence of both severe pain and opioidinduced narcosis in the post-anaesthesia care unit (PACU) may reflect a failure by anaesthetists to titrate intraoperative opioid doses to the ideal awakening level. A survey performed in the United States in 2003 found that 80% of patients experienced acute pain after surgery, and of these 86% had moderate, severe or extreme pain 1 . The assessment of opioid requirements starts with the preoperative assessment of the patient and knowledge of the surgery intended. Intraoperatively the patient's autonomic response to the surgical trauma and any significant changes in surgical technique (such as a change from laparoscopic to open surgery) are used to further individualise opioid doses [2] [3] [4] . If the patient is spontaneously breathing for the latter part of the surgery, opioids can be titrated against respiratory rate. Inter-individual variability in responsivenessboth with respect to the analgesics given and to the surgery performed -is large and so far has defied accurate prediction. Many factors contributing to postoperative pain have been evaluated in previous studies; demographic factors (age, gender), psychological factors (preoperative anxiety, psychological distress and personality traits), presence of preoperative pain, surgical factors (type and duration of surgery, presence of cancer) and anaesthesia factors (amount of opioid given, plasma opioid concentration, electroencephalogram [EEG] factors, use of adjuvant analgesia and local anaesthetic) [5] [6] [7] [8] [9] [10] [11] .
The frontal EEG is grossly altered by anaesthesia with modern volatile general anaesthetic drugs, barbiturates or propofol 12 . In contrast, increasing doses of opioids given alone have more subtle effects on the EEG. Slowing of the EEG is seen with opioids, but only with relatively large doses 13 . There have been a number of studies exploring the potential for EEG monitoring to function as a monitor of nociception during surgery 4, [14] [15] [16] [17] . Inadequate suppression of nociceptive stimuli has been associated with loss of spindle-like activity (SLA), reduced delta waves, and in some cases, a reduction in depth of anaesthesia as measured by spectral entropy (SE) or bispectral index. Our aim was to investigate which EEG indices were most associated with postoperative pain during emergence in opioid-naïve patients [2] [3] [4] .
METHODS
Approval for this observational study was received from the Northern Y Regional Ethics Committee (NTY/08/76/EXP). Written informed consent was obtained from all participating patients. We recruited adult American Society of Anesthesiologists physical status I or II patients having elective or emergency surgery under volatile general anaesthesia administered by a senior registrar or consultant within our teaching hospital department. Patient exclusion criteria were inability to consent, age <16 years, inability or inconvenient placement of EEG electrodes (craniotomy), chronic opioid use and heavy alcohol or marijuana use. There were no surgical procedures excluded except for cardiac and neurosurgery procedures. We excluded patients with regional anaesthesia. The inclusion criteria for entry into the study were deliberately broad so that any significant results would have wide applicability.
Anaesthesia was induced using midazolam, fentanyl and propofol; muscle relaxation was obtained if required. In one needle-phobic patient a gas induction with sevoflurane was used. Volatile anaesthesia used for maintenance was desflurane (76/ 101), sevoflurane (21/101) or isoflurane (4/101). The average intraoperative morphine dose administered was 23.6 mg (range 0 to 60 mg). Fifty-seven patients received non-steroidal analgesics or local anaesthesia to the wound, nine patients received clonidine, 11 patients received ketamine and five patients received both clonidine and ketamine. After placement of routine monitoring (electrocardiogram, pulse oximetry, non-invasive blood pressure, inhaled vapour and gas analysis, and SE [S5 GE Datex-Ohmeda Fairfield, CT, USA]), anaesthesia was induced as per routine. No constraints were placed on the anaesthetists' routine practice within the above range of techniques. The anaesthetist was able to either titrate their anaesthetic according to the entropy value or to ignore this information. We collected trend and waveform (sampled at 300 /second and 14 bit resolution) information (electrocardiogram, pulse oximetry and EEG) from the Datex monitor using the S/5 Collect program.
In the PACU, patients were asked to rate their pain using the 0 to 10 Verbal Rating Score (VRS) three times over a 30 minute period from time of arousal (the scale anchors were 0=no pain and 10= the worst pain imaginable). The amount of analgesia and antiemetic administered was also recorded. For analysis purposes, the patients were classified into two groups: 'comfortable' (initial VRS <5) or 'moderate to severe pain' (initial VRS ≥5). The patients were also reviewed on the ward the following day to record documented pain scores and analgesia administered over the first 24 hour period. Recovery was assessed by a single investigator according to the Richmond Agitation-Sedation Scale 18, 19 . Patients were stratified into the surgical specialties, and operations were grouped as major, intermediate or (The majority of anaesthetists used morphine as the principal opioid intraoperatively. Other opioids administered were fentanyl and tramadol. These were converted to morphine-equivalent doses for purposes of analysis. Effect-site morphine concentration was estimated using published pharmacokinetic models 21 ).
EEG analysis
The raw EEG was analysed using custom code written in MatLab (The MathWorks, Natick, MA, USA). Data segments were collected from the midpoint of the anaesthetic and from a point five minutes before the anaesthetists turned off the vapouriser and washed out the volatile anaesthetic agent. This point coincided roughly with the time of end of surgery and about 10 minutes before the patient regained consciousness. The waveforms were analysed in five second epochs, using previously published methods to quantify the amount of sleep SLA and the absolute amount of delta power present 22 . SLA was defined as sections of waxing and waning rhythmic oscillation in the 8 to 16 Hz range. Delta power was defined as the spectral power in the 1 to 4 Hz frequency band. 
Statistical analysis
For statistical analysis we used the NCSS (NCSS v 7.1.13 NCSS, Kaysville, Utah, USA) statistical package. The relationship between each explanatory variable and postoperative pain was assessed using t-tests or chi-squared tests. The variables examined were: 1) EEG parameters (SE, SLA, delta power) from the midpoint of surgery and 10 minutes before wakening; 2) drug effects (the mean age adjusted minimum alveolar concentration, calculated effectsite morphine concentrations at the end of surgery); 3) demographic variables (age, gender); and 4) estimated surgical trauma (operation duration and surgical trauma score).
RESULTS
One hundred and thirteen patients were recruited. Of these, 101 patients (61 females and 40 males) were included in final data set for analysis. Twelve patients were excluded because the operation duration was too short or the patient was found to have a history of previous opioid dependence. There were also occasional technical issues with electronic EEG data collection at the end of surgery (e.g. due to the movement of the patient onto the bed); thus only 94 patients were included in the part of the analysis that used the EEG from the end of surgery.
The average age of the patients was 53.8 years (range 17 to 88 years) and weight 70.0 kg for females and 89.7 kg for males. The average duration of surgery was 114.8 minutes. Mean minimum alveolar concentration equivalent 23 used by anaesthetists (corrected for age and specific for volatile agent) was 0.96. Average Richmond-Agitation-sedation scores were -2, -0.8 and -0.4 on arrival, at 15 minutes and 30 minutes after arrival in PACU respectively. The extent and type of surgery is summarised in Table 1,  while pain scores versus the surgical trauma score  are shown in Table 2 . Fifty-six of the 101 patients had a surgical trauma score of 2 and 36 of these patients had moderate or severe pain in PACU.
The distribution of initial pain scores on wakening in PACU are shown in Figure 1 . Over 50% of patients woke up in moderate or severe pain. Figure 2 shows that more morphine was given to patients who were undergoing procedures that were expected to be more painful -as measured by the surgical trauma score. However, only 6% of patients had a calculated morphine effect-site concentration of >20 ng/ml, the minimum effective effect-site concentration obtained from patient-controlled analgesia studies.
In regard to the relationship between the various explanatory variables and pain, the only two variables that achieved statistical significance were the SE 10which was lower -(46.5±2.9 vs 43.1±1.9, P=0.04) and the SLA 10 -which was higher -(0.42±0.03 vs 0.50±0.02, P=0.03) in the group that had moderate or severe pain postoperatively. Delta power (4.45±1.11 vs 4.51±0.92) at the same time point was not significantly associated with pain in PACU. The surgical trauma score ( 
DISCUSSION
This paper describes a simple prospective observational study examining a complex problem. As with previous reports 1, [24] [25] [26] [27] , we found that with standard intraoperative care, approximately 50% of patients experience moderate to severe pain in PACU after surgery. Contrary to previous studies 5, 28 , the surgical trauma score was not strongly associated with postoperative pain in this study. However, the study was not adequately powered to assess this outcome, and this finding is only exploratory. Previous papers have identified that the four factors most commonly found to be predictive for postoperative pain are: type of preoperative pain, anxiety, age and type of surgery 6 -but the strength of the prediction is relatively poor and the interindividual variation in opioid requirements is large. The major stumbling block is the lack of an accurate measure of nociceptive blockade while the patient is still anaesthetised and in particular, at the end of the anaesthetic prior to the patient awakening.
In this study we identified that EEG variables (SLA 10 and SE 10 ) measured five minutes before the anaesthetist turned off the vaporiser and washed out the volatile anaesthetic agents, were both modestly, but significantly associated with the severity of immediate postoperative pain scores in PACU. Patients with less spindles and higher SE 10 tended to be more comfortable. In simple terms we may summarise these technical observations as: the patients likely to be 'comfortable' tended to remain unresponsive despite a high SE during the emergence phase; conversely the patients likely to have 'moderate or severe pain' became responsive as the SE rose. The former situation more closely resembles the pattern of arousal seen with natural sleep -i.e. waking from REM sleep. Our findings are consistent with the following hypothesis:
In the presence of adequate endogenous or exogenous nociceptive blockade, patients require less general anaesthetic agents and can then enter a lightly anaesthetised plane (REM-like) without waking up.
In the absence of adequate endogenous or exogenous nociceptive blockade, patients require more general anaesthetic to keep them unconscious. As soon as the drug effect is removed, the patient rapidly transits from a deeply anaesthetised state (manifest electroencephalographically as low SE and lots of spindles) to a moderate or severe pain awake state -without an intermediate REM-like 'dreaming' period.
While these effects were statistically significantand hence of some interest regarding the understanding of mechanisms of anaesthesia -it is unclear whether they would ever have adequate sensitivity and specificity to be clinically useful alone. Given the potential for confounding factors to influence observational studies, our hypothesis needs to be tested prospectively on independent data sets with more clearly defined patient and surgical populations and more tightly defined anaesthetic techniques.
Surprisingly, there was no association between the amount of intraoperative morphine (and other analgesics administered) with the level of postoperative pain. However, once again, our study was not adequately powered to assess this outcome. Anaesthetists gave more morphine to those patients who were having surgery thought to be more painful (roughly corresponding to our surgical trauma score), but the actual amount of pain experienced by the patients in PACU was similar in surgical trauma groups 2 and 3.
In this study the quality of recovery was quantified with an 11-point VRS for pain intensity, the Richmond Agitation-Sedation score and the presence or absence of nausea and vomiting. The VRS for pain is routinely used at our hospital, it provides a simple measure of pain 29 and has been validated by several studies 30, 31 . The main problem with using a VRS is that it is attempting to, possibly falsely, quantify an intrinsically qualitative experience, and a uniform or even bimodal distribution usually results (Figure 1 ). We therefore followed Hartrick et al 32 in separating the VRS into two categories. This is somewhat arbitrary but is commonly used and has practical clinical implications; a VRS ≥5 clearly is a situation requiring some additional treatment. The limitation of this is that it is might be reducing the available information. Typically the VRS is used to measure only the intensity dimension of pain and a greater degree of discrimination may have been possible by using the 40-item quality-of-recovery score 33 , the Postoperative Quality Recovery Scale 34 or the Overall Benefit of Anaesthesia Score, but these more complex tools would be difficult to use in the immediate postoperative period. Our study did not find patient gender to be a statistically significant explanatory variable for pain in the PACU consistent with previous studies by Zacny et al 36, 37 and Fillingim et al 38, 39 . However, our study was not adequately powered to assess the effect of gender. The psychological profile of patients has been associated with postoperative pain 6, [40] [41] [42] and could be a confounding factor: however such profiling is timeintensive and would therefore be hard to incorporate into routine clinical practice.
In our study, about 50% of patients woke up in moderate or severe pain, implying that our anaesthetists predict analgesia requirements poorly. The long-term aim of this work was to explore the value of intraoperative EEG for predicting pain in PACU. This has inherent appeal as it is easily obtained and conceivably, it might be practical to titrate opioids based on an EEG index during the final 30 minutes of surgery. Patients who had an EEG prior to waking that was more like REM sleep (higher SE and less SLA) than slow-wave sleep, appeared to be more comfortable in our PACU. This finding suggests that there is a modest association between EEG measures near the end of surgery and the severity of postoperative pain.
